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ABSTRACT 

Combustion chamber acoustic power levels inferred from internal 
fluctuating pressure measurements are correlated with operating condi- 
tions and chamber geometries over a wide range. The variables include 
considerations of chamber design {can, annular, and reverse-flow annu- 
lar) and size, number of fuel nozzles, burner staging nnd fuel split, air- 
flow and heat release rates, and chamber inlet pressure and temperature 
levels. The correlated data include those obtained with combustion com- 
ponent development rigs as well as engines. 

INTRODUCTION 

In recent years, significant progress has been made in reducing the 
fan and jet exhaust noise generated by aircraft gas turbine engines. As 
these major noise sources were reduced, other noise sources were un- 
covered and constitute new acoustic thresholds or floors. One of the 
more significant of those noise sources is combustor-associated noise. 
This noise originates as part of the combustion process during which a 
large amount of chemical energy in the form of heat is released. 

Combustion noiso is associated with low frequencies, usually less 
than 4000 Hz. Consequently, combustion noise in the far-field is often 
difficult to distinguish from jet noise, particularly at approach conditions 
where the former most frequently dominates the low frequency portion of 
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(ho overall engine noiso spectrum. For takeoff conditions, jet noise 
usually equals or dominates combustion noiso. In both cases, combus- 
tion noiso propagated to the far-field is attenuated by the turbine and, to 
a lessor extent, by the exhaust nozzle. However, in the case of after- 
burners or duct burners, such as proposed for some variable-cycle 
inverted-velocity profile engine concepts (ref. 1), there is no turbine to 
attenuate the combustion noiso. Consequently, for such applications, 
combustion noise may bo significant for both talceoff and landing. 

In Iho present study, combustion chamber acoustic power levels 
inferred from Internal measurements of fluctuating pressure signals 
are correlated with operating conditions and chamber geometries over a 
wide range. The variables include considerations of chamber size, num- 
ber of flame sites (number of fuel nozzles), combustion staging, airflow 
and combustion heat release rates, chamber pressure level, and chamber 
inlet temperature. The data base for the present correlation effort was 
obtained from the results published in references 2 to 8. 

BACKGROUND 
Data Bank 

Extensive measurements of internal fluctuating pressures have been 
obtained for a variety of combustor types and sizes. Those measurements 
include data taken in component development rigs (refs. 2 to 6), as well 
as data taken with engines (refs. 7 and 8). The objective of these programs 
was, in part, to determine the variation of combustor noise with chamber 
design and operating parameters. In the full-scale component development 
rig programs, fluctuating pressure measurements were obtained with both 
con-type and complete annular-type combustors. In addition, 90° sectors 
of annular combustors were also tested. The engine tests included a can- 
type combustor (ref. 7) and a re verso -flow annular combustor (ref. 8). 

Details of the combustors, Instrumentation, test procedures, and 
range of operating parameters are given in the references cited previous- 
ly. Sketches of a number of representative combustors are shown in fig- 
ure 1. It should be noted that much of the combustor development rig data 



was n piggy-backed" as paid of Phases 1 and II of the NASA Experimental 
Clean Combustor Program In which internal fluctuating-pressuro data 
were obtained during combustion-product emission tests. 

The overall power level (OAPWL) values used herein were calculated 
from measured fluctuating pressures obtained cither within the combus- 
tion chamber or near the chamber exit plane. In calculating the overall 
power levels In the references and herein, the fluctuating pressures were 
assumed to be acoustic and were corrected for frequency response (where 
applicable). The sound power level (re 10“^ watts) at each measurement 
plane was calculated assuming plane wave propagation of the fluctuating 
pressure disturbance. The effect of impedance changes, flow velocity, 
and area were incorporated into the power level calculation where appli- 
cable. 


Published Combustor Noise Correlations 


In references G and 9 several combustion noise correlations are pre- 
sented. Values of OAPWL as a function of the recommended correlating 
parameters are shown in figure 2 for several selected combustion chamber 
types and over various ranges of operating conditions. The correlating 
parameters given in references G and 9 apply to the fluctuating pressure 
measurements obtained in component development rigs and/or engines, 
depending on the particular reference, as indicated in Uie figure. 

The Pratt and Whitney Aircraft combustion noise correlation of OA PWL 
(ref. 6) is given by (ho following relationship expressed in the nomenclature 
used herein: 
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The General Electric combustion noise correlation of OAPWL for 
combustor development rig data (ref. 9) is given by the following relation- 
ship, again expressed in the nomenclature used herein: 
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The General Electric combustion noise OAPWL correlation parameters 
for engine data (ref. 9) is given by the following relationship, also ex- 
pressed in the nomenclature used herein: 


OAPWL 10 log.W(AT) 2 

j 
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The selected data shown in figure 2 represent the acoustic power level 
of an individual burner (combustor); that is, in Uie case of an engine using 
can-type combustors, the acoustic power levels shown are those for a 
single combustor can. In the case of the 90° sector combustors, tire data 
were adjusted to a full annular combustor by malting Uie necessary air 
flow, area and fuel nozzle number adjustments to the appropriate parame- 
ters and adding 0 d!3 to the calculated acoustic power levels. The follow- 
ing is a brief discussion of the data and its trends shown in figure 2, 

It is apparent that significant differences, as well as scatter, exist 
in the acoustic power levels for the various combustors represented by 
the data in figure 2 using the correlation parameters shown. In the region 
of low air flow rates and pressures (JT8D-17 and J-52 can-type combus- 
tors), Uie inclusion of the number of fuel nozzles, suggested in reference G, 
over-predicts the effect of this variable on the OAPWL while the omission 
of this variable (ref. 9) underpredicts die effect of this factor. The data 
correlations shown in figure 2 suggest also that the scope of a correlation 
curve faired through the data would vary with combustion air flow rate 
and pressure level. Finally, of the two correlations given in reference 9, 
the combustor development rig correlation parameters appear to give a 
somewhat better correlation for both rig and engine data than those re- 
commended for correlating engine data. 
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PRESENT COMBUSTION NOISE CORRELATION CONCEPT 

t 

Gone nil 

The correlation method for OAPWL advanced heroin is predicated 
on the concept that combustion noise is directly related to and a prime 
function of the combustion heat release rate, Q, associated with the 
combustion process. The ratio of OAPWL to Q yields a thermo- 
acoustic efficiency for the combustion process. A representative plot 
of OAPWL as a function of the heat release rate, Q, is shown in fig- 
ure 3. The solid curves shown in tho figure represent various thermo- 
acoustic efficiencies. The crosshatched region shown in tho figure re- 
presents the data bank of the available combustion noise data (refs. 2 to 
3). Also shown for comparison in the figure, by the dashed line, are 
acoustic data obtained from rocket engines (ref. 10). The thermo- 
acoustic efficiencies for aircraft engine -type combustors vary from 
about 0.0001 to 0.005 percent. Note that, in contrast, rocket engine 
thermoacoustic efficiencies are of the order of 0. 5 percent or at least 
two orders of magnitude greater than aircraft engine-type combustors. 


Variation of Power Level With Combustion Heat Release Rale 

A detailed plot of OAPWL as a function of the combustion heat re- 
lease rate is shown in figure 4 for the combustors previously discussed 
in figure 2 (JT8D-1Q9 and YF-102 engines; and tho D-13, 11-11, JT8D-17 
J-52, and Vorbix S-23 combustoi'S tested in combustor development rigs) 
The data shown in figure 4 thus include can-type, annular (complete and 
90° segment), and annular with reverse flow combustors. Also shown 
in the figure are curves of constant Ihermoacousttc efficiency. 

Considering first the rig and engine data at high heat release rates, 
it is apparent that the thermoacoustic efficiency for a particular combus- 
tor is substantially constant. A deviation from this trend occurs for both 
sets of engine data when the combustion pressure levels approaches the 
operating design pressure ratios for the combustors* As the design 
pressure ratios are approached, the thermoacoustic efficiencies become 
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somowlmt lower. This trend is not observed with the data obtained In 
combustion development rigs because the test combustion pressure 
levels were significantly below the design pressure ratio. 

Effect of low lien ting rates and low pressure . - Although the thermo- 
acoustic efficiencies are substantially constant for a given combustor at 
high combustion heat release rates, they vary considerably at low com- 
bustion heat release rates (J -52 and JT8D-17 data). With low combustion 
heat release rates, the thormoacoustic efficiency increases significantly, 
as shown in figure 4, primarily with increases in air flow rate and sec- 
ondarily with a small increase in the combustion pressure. 

Effect of fuel nozzle number . - A comparison of the JT8D-.1.7 (one 
fuel nozzle) and J-52 (four fuel nozzles) data shows that an increase in 
the number of fuel nozzles in the same combustor configuration decreases 
the OAPWL at a constant combustion heat release rate, Q. 

CORRELATION OF COMBUSTOR NOISE DATA 

As stated previously, herein the prime variable in correlating the 
OAPWL associated with the combustion process is the combustion beat 
release rate, Q. in order to obtain a general correlation, however, addi- 
tional parameters had to be considered. These considerations Included: 

(1) normalization of the heat release rate for secondary considerations 
of air flow rale and chamber pressure and temperature conditions, and 

(2) normalization of the data to account for chamber geometry, Including 
size, number of fuel nozzles, burner staging and fuel split for those com- 
bustors having burner staging. The following sections will consider first 
the flow -thermal effects and then the chamber geometry. 


Effects of Secondary Flow and Thermal Parameters 

Flow parameter . - It was determined that inclusion of the flow param- 
eter given in reference G as W^/T^/P^A, (in the present nomenclature) 
and which herein is rewritten as the chamber inlet Mach number, M ^ , 
was a necessary parameter in the correlation of combustion noise. How- 
ever, it was necessary also to eliminate the effect of the P^-term which 
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was accomplished by multiplying (he flow parameter by the ratio P^/Pq* 
Additionally, a temperature ratio, Tg/T^y = 2Tg/(l\j + Tg), was included 
to provide the best correlation of the data. 


Combustor dosign pressure ratio. - As indicated earlier in the dis- 
cussion of figure 4, the OAPWL decreases as the combustor design pres- 
sure ratio is approached. In order to correlate these data with those at 
low and intermediate pressure ratios for the same combustor, an empiri- 


cal Jerm was inc 
by [l + (P 3 /1’ D ) 3 


udod to account for tills reduction. This term is given 


Summation of preceding correlation parameters . - The incorporation 
of the preceding flow and thermal correlation parameters with the OAPWL 
and Q terms is given by the following relationship: 


OAPWL + 10 log 
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The previously selected combustor noise data shown in figure 4 are now 
shown in figuro 5 in the parameters given by equation (4), It is apparent 
that generally good correlation is achieved for each individual combustor. 
However, the data for each combustor still fall on separate curves. 

Examination of the parameters in the abscissa in figure 5 indicates 
that they can be rearranged to constitute a recognizable acoustic term 
with several modifiers as follows: 
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With this rearrangement of terms, the combustion heat release rate and 
the flow terms can be expressed as an acoustic monopole source (term 
that includes W^) modified by a. temperature rise parameter and a tem- 
perature ratio. 
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Consideration oi' Combustor Geometry 

In order to collapse the data shown in figure 5, on a single curve, 
the geometry of the combustors was introduced Into the correlation. The 
primary variables considered were the number of burning sites (fuel noz- 
zles), chamber size, burner staging, and fuel split between stages. With 
regard to chamber si iso , the important factors were the maximum area of 
the combustor and a characteristic burner length. The data correlation 
in the following sections is divided into three parts, the first two deal with 
single-stage coplanar burners while the third deals with multistage 
burners. 


Single-Stage Coplanar Burners 


The single-stage coplanar burners include all the configurations in 
which burning occurs in essentially one region of the combustion chamber. 
The two Vorbix configurations (JT3D-Varbix and S-23 Vorbix) are also 
included in this category when the fuel split is 100, 0 (i.c. burning with 


only the pilot stage operating). 

Effect of number of fuel nozzles . - The acoustic data obtained with 
the JT8D-17 and J-52 combustors (ref. G) were used to determine the 
effect of the number of fuel nozzles on the acoustic power level. These 
two combustion chambers wore of the same size and shape and were 
operated over similar pressure, temperature, and air flow conditions. 
The J-52 combustor with its 4 fuel nozzles was of the order of 5 dB 


quieter than the JT8D-17 combustor at the same operating condition. 

This reduction in OAPWL was probably due lo undetermined flame pat- 
tern and distribution changes within the combustor caused by the use of 
‘1 nozzles rather Hum 1 nozzle, which may have resulted in a lowered 
stream lubulonee level. In the absence of such measurements, the re- 
duction in OAPWL is expressed in terms of the number of fuel nozzles 

used in each combustor. The data for the JT8D-.17 and .1-52 combustors 

0 775 

were correlated, as shown in figure G, by adding a factor 1,0 log Np 
Lo the OAPWL of equation (4), yielding Urn following proportionality: 
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OAPWL + 10 log jl + (P 3 /P D ) 3 j + 10 log nJj 775 
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Effect of chamber size . - In ordor tn collapse the data shown in fig- 
ores 5 and G to a single curve, the effect of combustor geometry was now 
considered. A geometry term given by the ratio of the maximum cham- 
ber cross-sectional area to the square of a characteristic chamber length 
achieved the desired data correlation. This term, A/.fjJ, is entered in 
equation (6) as follows: 


OAPWL-* 10 log 


1 + 


(P 3 /P d ) 3 ]+ 10 log N° l775 - 20 log (A/.C^ 


" 10 logfQM 3 (Pg/P 0 )(T 3 /T AV )] - 10 log 1 1 + 0. 67 (A/ C 
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(7) 


where 



1 + O.lGCf^/Cj) 


( 8 ) 


For combustors designed to operate only as single-stage burners, C = f. 
However, when a multistage combustor (JT8D-Vorbix, Vorbbc S-23) is 
operated as a single-stage burner, as during an engine-idle condition, 
only the pilot, nozzles are lit (100/0 fuel split). Under such an operating- 
procedure, the flame may not be contained entirely within the length of 
the first stage burner. Consequently, a portion of die second stage burner 
length must be included in order to account for the excess flame size. 

For a two-stage burner, this leads to the concept of an effective charac- 
teristic chamber length, where t > C* but f v. (C, -t- C 0 ). Be- 
cause of the limited data available, extrapolation of C Q to ratios of 
Cg/fj that exceed those of the combustors used herein should be treated 
with caution. The correlation of the data for single-stage burners and 
two-stage burners operating as single-stage burners is shown in figures 7 
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to 0. Note that in figure 7 the sumo single -burner data are shown as In 
figure 2, Excellent correlation of the data is achieved, with most data 
points within ±1 dB of the curve shown faired through the data. The few 
data points that deviate to significantly higher values than those obtained 
from the faired curve are associated with low flow rates and are believed 
to be contaminated by the cold flow noise floor. At the same time, the 
data in figure 8 Unit are significantly lower than the curve appear to have 
been over-corrected for cold flow effects in the applicable references. 

Single-Stage Noncoplanar Burners 

Single-stage noncoplanar combustors are (hose that have their pilot 
and main burners displaced axially in the same chamber. Examples of 
this type of combustor (see fig. 1(c)) are the Hybrid li-G and Radial/ 

Axial 11-12 combustors in references 5 a no 2, respectively. In order to 
correlate Uic data obtained with these configurations, the characteristic 
chamber length in the term 10 log j.1 + 0.67 (A/f| ^ is that measured 
from the downstream fuel nozzles to the combustor exit plane or 
10 1oKjl + 0.(i7;A/f2 Un ) 3 |. The characteristic chamber length in the 
term 20 log (A/f2 remains the full length of the chamber measured 
from the upstream fuel nozzles to the combustor exit plane. Tne correla- 
tion of the H-6 and XI- 12 combustors is shown in figure 10. The deviation 
of some of the H-6 combustor data from the curve shown is attributed 
again to apparent excessive cold -flow corrections. 


Multi-Stage Burner 

With two -stage burning, such as used with the JT8D-Vorbix and the 
Vorbix S-23 (refs. 6 mid 6, respectively), the effect of the fuel nozzles 
in eacli stage and the fuel split between the stages has to Le included in 
a general correlation of the combustor noise data. 

Effect of staged burning . - For (lie limited acoustic data available 
with two-stage burning, inclusion of a term consisting of a function of 
the ratio of the number of fuel nozzles in the second stage to those in the 
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first singe sufficed to correlate the data. This term is given by 
10 log [l + 0.0G25 (Ng/N^j. This staging term must be Included in 
the OAPWL term or equation t7). 

Effect of fuel split , - The effect of fuel split with two-stage burners 
is relatively small, being of the order of 1 dB or less for the normal 
fuel splits used in the combustors tested. This effect, which also must 
bo included in the OAPWL term of equation (5), can be expressed for the 
combustors tested by the following relationships: 

©r(n) « 1.259 - 0 . 259 / 1 - “ (9) 

V \ 30 

for n ‘ ’ 70 and 

‘ 2 

iV(n) - 1. 259 - 0. 259 A / 1 - ’ (10) 

v 70 

for n v 70. 

The acoustic power correlation for two-stage burners is thus ex- 
pressed as: 

OAPWL + 10 log [l -I* (P 3 /P D )V 7. 75 log N p - 20 log 'A./ fjf 

- 10 log [l + 0.0325 (Ng/Nj) 4 ’ i- 10 log fA(n) 

3‘ 

“ 10 log j Q M y ( P ,j/ P 0 ) (Tjj/T a y )', - 10 log j 1 + 0. 37 \A/ f“ ' 

( 11 ) 

The data for the «JT8D-Vorbix and the Vorbix S-23 are shown correlated 
in figure 11 in terms of equation (11). The curve shown in figure 11 is the 
same as that shown previously in figures 7 to 10 for the single stage burn- 
ers. In general, good correlation of the data is obtained with only a few 
data points significantly off of the correlation curve. Again, it appears 
that some of the S-23 data arc over-corrected for cold-flow effects. 
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Correlation Equation 


The curve shown faired through the data in figures 7 to 1 1 can be 
expressed by: 


OAPLNV* 5 log(Q*Q REF ) 


GO. 0 


-85.0 


l'" 


0* N 


( 12 ) 


Q* 


whore r 10^ and, from equation (11), 


OAPWL* ” OAPWL + 10 log ,1 + (iyi> D ) 3 j+ 7. 75 log Nj,, - 20 log A 


- 10 log 1 + 0. 0025 (N 2 Nj)' 1 i 10 logvMn) 


and 


Q* = lQM 3 (P. 3 P Q )(T 3 /T av ) 1)0. 67 A c; 


A summary of all the data included in figures 7 to 11 is shown in 
figure 12 in terms of the final correlation parameters (eq. (11)) together 
with the correlation curve (eq. (12)). 


CONCLUDING REMARKS 

A correlation of published acoustic power levels, inferred from 
fluctuating pressure measurements, has been developed. The correlation 
includes acoustic data obtained with can-type, annular and reverse -flow 
annular combustors over a wide range of operating conditions. The corre- 
lation further includes acoustic data obtained with both combustion develop- 
ment component rigs and engines. 

With tlie present correlation, the OAPWL can be predicted for a spe- 
cific combustor. The sound pressure levels and frequency content can 
then be calculated by use of a suitable combustion noise spectral shape 
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(such as tviven in refs. 11 and 12) together with OAPWL vnlues from the 
present correlation. With tills Information, llio combustion no iso in the 
fnr-fiold can bo calculated by considering (he applicable turbine, nozzle 
and atmospheric transmission losses. 

On the basis of the paramoleis included in the correlation presented 
herein (eq. (12)) the following , assuming independence, will cause a 
reduction In combustor overall power levels: 

1. Increase in total number of fuel nozzles (burning sites) 

2. Staged burning with large ratios of N 0 /N. (I.e. greater number 

of fuel nozzles in second stage than in primary stage) 

3. Increase in combustor area, A 

'1. Decrease in combustor length, C 0 

D. Decrease in combustor inlet, P^ 

0. Decrease in combust ton heating rate, Q 

7. Decrease in combustor inlet Mach number, M.j 

0. Decrease in combustor inlet temperature ratio, T.j/T^y. 

In order to achieve n meaningful reduction In combustor power level, 
it does not appear that significant design or operating changes in the pre- 
ceding variables can be made without Incurring other and, in most cases, 
prohibitive penalties. On the basis of the currently available data, it ap- 
pears that substantial combustor noise reductions can be make in a prac- 
tical manner only by resorting to suitable tailpipe lining techniques 

NOMENCLATURE 

(All symbols are in S. I. units unless noted.) 


A 

C 

C 

F 


t'Vr 
,'*'( ) 
g t . 


maximum combustion chamber cross-sectional area 
velocity of sound 
specific heat of nir 
fuel/air ratio 

stoichiometric fuel/air ratio 
functional notation 
conversion constant 


I 




b* 


fp Co,--, f n 
M 

N .K 

N .l» N l)' ’ 1 ” N n 
n 

OAPWl. 

OA PWl* 

P 

Q 

Q* 

'i' 

AT 

V 

W 

P 

Subscripts: 


hunt tup value ul I net 

mechanical equivalent of heal 

combustion chamber total length 

equivalent combustion chamber length 

physical length of each combustor burner static 

Mach number at combustor Inlet 

total number of fuel nor, Kies 

number of active fuel novtules In cacti burner stupe 

burner stupe fuel split (see cqs (0) ami (10)) 

overall sound power level, dll re 10 * watts 

acoustic power correlation parameter (see eq. (til)) 

combustion chamber total pressure 

combustion heat release rate 

combustion heat release rate parameter (see eq. (Ill)) 
total temperature 

temperature rise due to combustion 

combustion airflow velocity 

totnt combustion airflow rate 

flier numcous tic efficiency, OAPWl. - to log Q 

density 


AV 


average 


D 

0 

m p 


design 
ntmosphe rle 
reference 
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nominal combustion chamber Inlet 
nominal combustion chamber outlet 
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Figure 2, - Current combustion noise correlations applied ta representative combustor 
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Figure 6. - Variation ol combustor acoustic paver level wills number ol fuel naules, Nominal 
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Figure 8. - correlation of combustion acoustic power levels 
lor miscellaneous can anil annular combustors, Single- 
stage burners, 
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Figure 9. - Correlation of combustion auiuslle 
power levels for 2-stago burners with burning 
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figure ll, - Correlation ol acoustic power levels lor 2-stage hurner 
combustors. 
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figure 12. • Summary of dote correlation for all combustors included in present 

slutJy. 
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